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Introduction
Submersed aquatic vegetation (SAV) is a critical component of the Potomac River ecosystem ( fig. 1 ). Although SAV provides important habitat for fauna and stabilizes bottom sediment, very dense beds may restrict recreational and commercial navigation. Exotic species of SAV were managed by the Metropolitan Washington Council of Governments from 1986 to 2007 as part of the Potomac Aquatic Plant Management Program (PAPMP). Selected beds of primarily exotic SAV species that limit navigation were harvested mechanically. The program began in 1986 when approximately 40 acres of plants were harvested from 18 sites ( fig.1 ; Metropolitan Washington Council of Governments, 1987) .
Monitoring efforts are an effective means of quantifying the distribution and abundance of the four exotic species in the river ecosystem-Hydrilla verticillata (hydrilla), Najas minor (naiad), Potamogeton crispus (curly pondweed), and Myriophyllum spicatum (milfoil)-and nine other native SAV species. In 2007, the U.S. Geological Survey (USGS) monitoring efforts led to the discovery of a substantial population of Pistia stratiotes (water lettuce), an exotic subtropical species of floating aquatic vegetation (Langeland and Burks, 1998) . This was the first documented siting of this species in the Potomac River.
Annual surveys of SAV beds provide a basis for identifying large-scale changes and trends throughout the ecosystem and allow managers to evaluate the effectiveness of resource management policies directed toward improving water quality (Rybicki and Landwehr, 2007) and managing invasive plants (Hershner and Havens, 2008) . The USGS has monitored the distribution and composition of SAV beds in the fresh and oligohaline (salinity 0.5 to 5) tidal Potomac River from 1978 to 2007 by using transect sampling (1978 to 1981, 1985 to 1987, 2002, and 2006) and shoreline surveys (1983 to 2005 and 2007 Rybicki and Landwehr, 2007, Ruhl and Rybicki, 2010) . No shoreline survey was conducted in 2006; instead, 15 transects were sampled in the tidal fresh and oligohaline Potomac River between Piscataway and Pomonkey Creeks on both Maryland and Virginia shores on May 8 and October 18. Since 1998, the government of the District of Columbia has conducted surveys and provided the data to the USGS for the Washington, D.C. portion of the Potomac and Anacostia Rivers (Rottman, 1999; Ryan, 2005 Ryan, , 2006 Ryan, , 2007 Ryan, , 2008 .
A list of species of SAV observed in beds in the tidal Potomac River is incorporated into the Virginia Institute of Marine Science (VIMS) annual report on SAV distribution in the Chesapeake Bay. The VIMS report and methods are available at http: // www.vims.edu/bio/sav (Orth and others, 2008) . Additional publications concerning SAV distribution in the Potomac River can be found at http://water.usgs.gov/nrp/proj.bib/sav/wethome.htm.
Methods
During the 2007 survey, the study area in the Potomac River was divided into three reaches: (1) upper tidal river (UTR), (2) lower tidal river (LTR), and (3) upper oligohaline estuary (UOE) ( fig. 1) . Observations of species composition in SAV beds were done by boat at approximately low tide (±2 hours) to optimize SAV visibility from the water surface. Surveys were conducted from August to October 2007. Researchers identified submersed plants to species level, recorded the species composition of each bed, and estimated the percent cover for each species within the bed. As in previous years, the USGS monitored areas downriver from the Woodrow Wilson Bridge (Interstate 95), whereas colleagues at the District of Columbia District Department of the Environment (DDOE) examined Washington, D.C. waters in the tidal Anacostia and Potomac Rivers (Rottman 1999; Ryan 2008) .
The monitoring effort in 2007 consisted of a continuous survey of all shoals and SAV beds within the study area ( fig. 1 ). SAV field beds are the isolated or contiguous SAV beds of different species composition sampled by boat. USGS personnel outlined SAV beds on 1:24,000-scale USGS quadrangle maps, indicating the location of all observations including unvegetated shoals (see Ruhl and others, 1999) . DDOE personnel used a global positioning system (GPS) to delineate the perimeter or length of beds and to record locations of each field bed. The SAV beds documented by the USGS and DDOE were then entered into a geographic information system (GIS) to create maps of distribution and abundance. The observation date, percent of each species, Shannon diversity index, and bed density for each field bed are listed in table 1. The Shannon diversity index for each field bed is calculated as:
Diversity -1 ((Pv /100) ln(Pv /100)) = × × ∑
where M represents richness (the total number of species observed), Pv represents the proportional coverage (from 0 to 100 percent) of each species, and v represents each species from 1 to M.
Diversity in each bed can range from 0.00 (if one species is present) to 2.49 (if all 12 species commonly found in the Potomac are present in equal percentages). The percent cover data for each species shown in table 1 corresponds to field bed locations shown in figures 2 to 12. Observations of the percent cover of colonies of water lettuce on top of SAV beds or the observation of a single cluster of plants floating in the channel were made from October 6 to October 18. SAV beds shown in figures 13, 14, and 15 were delineated by VIMS (http://www.vims.edu/bio/sav/) on the basis of aerial photographs acquired from August to October, then digitized and classified for ground cover density (from estimates of percent cover). The area and density of each photo-interpreted (PI) bed was determined by VIMS. Density was determined using the Crown Density Scale adapted from Paine (1981) . Bed densities range from 1 to 4, with a density of 1 corresponding to less than 10 percent vegetation coverage, a density of 2 representing from 10 to 40 percent coverage, a density of 3 representing from 41 to 70 percent coverage, and a density of 4 corresponding to 71 to 100 percent coverage. The VIMS delineation process resulted in bed area outlines to which corresponding field data on species composition were added. Some SAV beds were visible with aerial photography but were not observed in the field if the area was not navigable due to water depth or obstacles. The VIMS SAV coverage data did not include beds below their detection limit. Therefore, beds shown in figures 2 to 4 do not correspond exactly with VIMS beds.
The percent cover for each species in the three river segments (UTR, LTR, UOE) is summarized in the results section. The area of each species within a VIMS PI bed is computed on the basis of a weighted-average formula. Using GIS software, each of the field beds was aligned with the PI beds to determine the area of each field bed and subsequently to calculate the coverage by species in each PI bed where species data were available. If more than one field observation was made in a PI bed, the PI bed area was subdivided according to the relative size of each field bed and averaged species data proportionally (weighted average) to determine the percentage of each species in a PI bed and in the cumulative area of the study in each river reach (Rybicki and Landwehr, 2007) .
Aquatic plant managers also need to know if species composition fluctuated from dominance of one species to another or if SAV coverage persisted at a location between years. Therefore, comparisons of spatial coverage of SAV and dominant species (coverage ≥40 percent) between 2007 (this study) and 2005 (Rybicki and others, 2008) or previous years (Ruhl and others, 1999; Ruhl and Rybicki, 2010; http://www.vims.edu/bio/sav/) are described for each river segment. The description of temporal spatial patterns in exotic species coverage enhances management efforts to understand interannual variation in SAV and predict the need for harvesting exotic species the following year.
Results
The shoreline survey included 274 observations of field beds of various sizes (72 m  2 to 313 km   2 ) and densities (table 1) . Many of the PAPMP harvest sites in the UTR, LTR, and UOE had 70 to 100 percent cover (figs. 13 to 15). Of the 11 species observed in the Potomac River in 2007, four were exotic (hydrilla, milfoil, naiad, and curly pondweed). Hydrilla did not dominate (coverage ≥40 percent) in any river segment in 2007, whereas from 1985 to 2005, hydrilla was frequently the dominant species in most river segments (Rybicki and Landwehr, 2007; Ruhl and Rybicki, 2010; Rybicki and others, 2008) . Hydrilla and Ceratophyllum demersum (coontail) were the most abundant species in the UTR; milfoil was the most abundant species in the LTR and the UOE. Naiad coverage was similar to previous years, comprising 5 to 15 percent of SAV coverage in the river segments. Vallisneria americana (wild celery) SAV coverage was low in 2007, comprising 1 to 10 percent of SAV coverage in the river segments. As in 2005, Elodea spp. (waterweed) was not present in 2007, but Stuckenia pectinata (sago pondweed) and curly pondweed were observed in trace amounts. Some species were relatively rare, namely the macroalga Chara vulgaris (muskgrass), Potamogeton pusilus (slender pondweed), and Potamogeton perfoliatus (redhead grass). Najas guadalupensis (southern naiad) and Heteranthera dubia (water stargrass) were rare in 2005, but increased substantially in 2007.
Water lettuce was observed in approximately 161 hectares in the LTR and UOE in 2007. The floating aquatic vegetation was found in the river in various locations between Mason Neck and Aquia Creek ( fig. 12 ). These discoveries led to an organized effort to monitor for water lettuce in 2008. The Freshwater Submerged Aquatic Vegetation Partnership, a group of Federal, State and university staff focused on aquatic plants, convened a group to determine if the water lettuce, a subtropical plant, could overwinter and survive in the Potomac River the following year. The Partnership members made observations from boats throughout the fresh to oligohaline portion of the Potomac River in the summer of 2008. They found no water lettuce in the study area in 2008. In addition, signage was placed at boat ramps in Maryland to educate the public not to release exotic aquatic species into the waterways and to report observations of water lettuce to Maryland Department of Natural Resources.
The percent of available habitat (area less than 2 m deep) that was vegetated varied over time in the UTR, LTR, and UOE but was at a maximum in 2007 in all river segments ( fig. 16 ). However, no river segment has had vegetation in more than 60 percent of the available habitat from 1985 to 2007. SAV coverage increased from 2005 to 2007 throughout the fresh and oligohaline study area ( fig. 17 ).
Upper Tidal Potomac River
In the upper tidal river (UTR), the following eight SAV species were found in 2007, in order from most to least abundant: hydrilla (28 percent), coontail (28 percent), milfoil (16.5 percent), naiad (15 percent), water stargrass (7.5 percent), and southern naiad, wild celery, or curly pondweed (less than 5 percent). Compared to 2005, coontail, naiad, southern naiad, and water stargrass coverage increased in 2007, while hydrilla and wild celery coverage decreased and milfoil coverage remained the same. Muskgrass was not observed in 2007, although it has been found in this segment of the river in trace amounts for the past few years. Curly pondweed was observed in this segment of the study area for the first time in several years. The number of species observed in the UTR decreased from nine in 2005 to eight in 2007.
No SAV was observed in the Washington, D.C. portion of the tidal Anacostia River ( fig. 5 ), yet a few beds were present there in the past. A perennial bed that has persisted for many years in the Washington Channel, at the confluence of the Anacostia River and Potomac River, was not observed in 2007.
In Creek and coontail was abundant. In 2007, hydrilla dominated a couple of beds, but coontail, naiad, southern naiad, and milfoil were abundant and water stargrass and wild celery were also observed. Hydrilla dominated the beds at the mouth of Little Hunting Creek, but those were also well mixed with other common species of SAV. Fairly large beds were observed in 2007 in the channel of the Potomac River in front of Little Hunting Creek that extended south of the creek to the midway point between Little Hunting Creek and Dogue Creek. These beds in the channel were dominated by coontail, although near the southern end of the channel beds there was a bed dominated by milfoil. Hydrilla, naiad, and southern naiad were also observed in these beds. The SAV beds along the Virginia shore south of Little Hunting Creek to the lower extent of the UTR were dominated by milfoil, well mixed with coontail, hydrilla, and to a lesser extent, naiad and southern naiad. In 2005, the lower extent of the UTR on the Virginia shore was dominated by wild celery, but in 2007 very little was observed. Milfoil, coontail, and hydrilla altered in dominance in Dogue Creek, but southern naiad and naiad were also observed in 2007.
The shore just upstream from Little Hunting Creek supported the only traces of muskgrass in the entire study area in 2005, while in 2007, muskgrass was not observed at all in the UTR ( fig. 7; 
Lower Tidal Potomac River
In the lower tidal river (LTR) in 2007, 11 SAV species were found. The SAV coverage was, from most to least abundant, milfoil (32 percent), hydrilla (26 percent), coontail (20 percent), naiad (9 percent), wild celery (8 percent), and southern naiad, water stargrass, muskgrass, curly pondweed, slender pondweed, and redhead grass (less than 5 percent). table 1 ). New beds were observed along the shore on the upstream side of the mouth of Belmont Bay, where milfoil, coontail, hydrilla, and wild celery were abundant and supported the only population of muskgrass found in the entire study area. Hydrilla and southern naiad alternately dominated beds along the upstream shore of Belmont Bay; these beds also supported the only populations of slender pondweed and redhead grass in the study area. In the remainder of Belmont Bay and at the mouth of the Occoquan River, hydrilla, milfoil, and wild celery altered in dominance.
Neabsco Creek was dominated by hydrilla in 2007 ( fig. 3 ), as it was in 2005. SAV coverage and diversity in Powells Creek and along the Virginia shore south to Quantico Creek increased considerably in 2007 (figs. 9 and 14; table 1). The SAV beds in Powells Creek were well mixed with coontail, hydrilla, southern naiad, wild celery, and milfoil in 2007, where hydrilla was dominant in 2005. Beds just south of the mouth of Powells Creek along the shore were dominated by wild celery, but along the shore closer to Quantico Creek and into the creek, the beds were very diverse, with milfoil dominating one bed on the upstream shore of the mouth of Quantico Creek. In 2005, hydrilla and coontail altered in dominance in Quantico Creek, but in 2007, milfoil, coontail, wild celery, hydrilla, and southern naiad were very abundant throughout the creek (figs. 3, 8, and 9; table 1).
The floating aquatic vegetation, water lettuce, was first discovered October 6 in the Mattawoman Creek. Afterwards it was also found in various beds in Chicamuxen Creek, Powells Creek, and Quantico Creek in this segment of the study area in 2007 ( fig. 12 ). Water lettuce did not exceed 10 percent coverage of any bed shown in figure 12. It was always located with SAV except where it was floating free in the channel of the Potomac River near Mason Neck.
Upper Oligohaline Potomac River Estuary
Eight SAV species were present in 2007 in the upper oligohaline estuary (UOE) with the following composition: milfoil (40 percent), hydrilla (17 percent), stargrass (13 percent), coontail (12 percent), wild celery (9.5 percent), naiad (5 percent), and southern naiad and curly pondweed (less than 5 percent each). From 2005 to 2007, the coverage of milfoil increased substantially while hydrilla coverage, which was the dominant species in 2005, decreased. Coontail coverage also decreased, but water stargrass, wild celery, naiad, and southern naiad coverage increased compared to previous years. Curly pondweed was observed In 2007, milfoil dominated many of the beds in Aquia Creek, although beds around the mouth of the creek were dominated by water stargrass (figs. 4 and 10; table 1). Hydrilla, coontail, wild celery, naiad, and southern naiad were also found in the creek in 2007. In 2005, many Aquia Creek beds were dominated by coontail and the upstream beds and the south shore of Aquia Creek were dominated by hydrilla. The southern shoreline at the mouth of Aquia Creek was dominated by milfoil in 2007. This was also true of the cove just below Aquia Creek, although one bed contained the only population of sago pondweed in the UOE. The beds located on the northern mouth of Aquia Creek and the upstream shore of Potomac Creek were codominated by southern naiad and hydrilla or were dominated by milfoil, with populations of coontail and water stargrass also observed in 2007 (figs. 4, 10, and 11; table 1). Within Potomac Creek, hydrilla dominated the SAV beds although wild celery, coontail, southern naiad, and water stargrass were also observed. One bed on the downstream shore of Potomac Creek was dominated by wild celery in 2007. SAV was not found beyond Potomac Creek in the lower extent of the UOE.
Water lettuce was observed in the cove below Quantico Creek, Wades Bay, and Aquia Creek in this segment of the study area ( fig. 12 ). Similar to the LTR, water lettuce coverage never exceeded 10 percent of a SAV bed and was generally located with SAV in the UOE.
References Cited
Hershner, C., and Havens, K.J., 2008, Managing invasive aquatic plants in a changing system-Strategic consideration of ecosystem services: Conservation Biology, v. 
VIRGINIA

MARYLAND
Woodrow Wilson Bridge
Reagan National Airport
UTR and upstream extent of study
A n a c o s t i a R i v e r Potomac River Broad Creek
Oxon Run
Kingman Island
Hunting Creek
Chain Bridge
Note: SAV beds shown in figures 13, 14, and 15 were delineated by VIMS based on aerial photographs, then digitized and classified for ground cover density. Density was determined using the Crown Density Scale adapted from Paine (1981). Bed densities range from one to four with one corresponding to less than 10% vegetation coverage, two representing between 10 and 40% coverage, three representing between 41 and 70% coverage and four corresponding to 71 to 100% coverage. Note: SAV beds shown in figures 13, 14, and 15 were delineated by VIMS based on aerial photographs, then digitized and classified for ground cover density. Density was determined using the Crown Density Scale adapted from Paine (1981) . Bed densities range from one to four with one corresponding to less than 10% vegetation coverage, two representing between 10 and 40% coverage, three representing between 41
and 70% coverage and four corresponding to 71 to 100% coverage. 
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